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摘  要 
在可再生能源中，太阳能是取之不尽、用之不竭、蕴量巨大的绿色环保可再
生能源，已经越来越被人们所重视。太阳能的开发与利用形式多种多样，可分为
光热利用、光电利用、光化利用和光生物利用。太阳能电池的理论效率很高，但
多种不可逆损失的存在，降低了电池的实际工作效率。研制各种类型的太阳能电
池，探寻系统内部主要不可逆因素及能耗最大的关键环节，从而优化内部结构，
改善电池的性能和能量转换效率，仍是目前太阳能电池研究中的首要问题。 
本论文主要研究能量选择电子器件和若干新型太阳能电池的性能特性，揭示
系统内部各主要不可逆性对系统性能的影响，对主要的性能参数进行优化分析，
从而建立相应的优化理论，具体的研究内容可分为三部分。 
第一部分包括第二到第四章，研究了能量选择电子通道的性质及其在各种电
子器件中的应用。建立了能量选择电子热机与可变负载电阻组成的新模型。基于
Landauer 输运理论，分析得到了系统功率输出和效率的解析表达式。详细讨论了
能量电子选择通道的结构，电子库的化学势和负载电阻等参数对系统性能的影
响。建立了由三个热电子库通过共振隧穿量子点通道连接而成的新型热电子遂穿
三极管。确定了两种不同条件下，电子流方向和热流方向遵循的规律。结果表明
这种新型热三极管可作为热放大器或冷却器，且不需要外界电源辅助，它的最优
性能可达到可逆状态。利用两种动量选择机制，讨论了具有量子阱能量选择通道
和量子点能量选择通道的热载流子太阳能电池。综合考虑了三种主要内在不可逆
损失对电池性能的影响。结果表明，载流子在能量选择通道中的热损失是能量耗
散的主要因素，采用量子点能量选择通道可显著改善热载流子太阳能电池的性
能。 
第二部分包括第五和第六章，对光增太阳能电池进行了系统的研究。对光增
热离子发射太阳能电池（Photon Enhanced Thermionic Emission Solar Cell，
PETSC）的模型进行了系统全面的热力学分析，综合考虑电极之间的辐射传热和
由电极到环境的热损失等多种传热不可逆损失。性能特征分析表明 PETSC 的最
大效率比传统热离子发射装置和传统太阳能电池的理论值大。另外，还着重讨论
了空间电荷积累对 PETSC 性能的影响。在模型中引入 Langmuir 空间电荷理论发
现当两个电极之间的间隙为几微米或更大时，空间电荷效应将严重限制 PETSC
厦
门
大
学
博
硕
士
论
文
摘
要
库
 
 
II 
 
 
 
 
的能量转换效率。结合 PETSC 和能量选择通道理论，设计了光增电子隧穿太阳
能电池。考虑了被光激发的电子，将在阴极导带迅速热化，达到平衡分布，最终
通过能量选择通道输出到外电路。数值分析表明，选择最佳的能量选择通道能级
和宽度，可显著降低电子传输不可逆性损失和电子复合损失。 
第三部分包括第七至第九章，研究温差发电器及其耦合系统的优化性能。基
于 Domenicali 方程和热流密度方程，运用有限差分方法，得到了温差发电器温
度分布和热流密度分布的主方程。进而利用这种计算方法评估以 PbTe1-yIy 和
PbTe:Na/Ag2Te 为基的温差发电器的性能。通过引入非均匀掺杂纳米结构，构建
了高性能太阳能驱动温差发电器新模型。利用电子输运的量子限制，说明如何在
温差发电材料中实现电子的可逆传输。结果表明，采用非均匀掺杂纳米结构材料，
可使电子传输接近能量平衡，对热电转换效率的提升有巨大潜力。建立了光增热
离子太阳能电池和染料敏化太阳能电池与温差发电器的耦合系统。通过主要参数
的优化设计，得到了耦合系统的最大效率并证明了采用耦合系统设计可有效的提
高太阳能的转换效率。 
本论文所得的结论不仅丰富了光电、热电等多种新型能量转换器件的理论，
而且可指导一些实际系统的优化设计、实现最佳运行，对于提高能源利用率、开
发新能源、减少环境污染等具有重要意义。 
 
关键词：能量选择电子器件；新型太阳能电池；温差发电器；性能特性；优化设
计 
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 ABSTRACT 
Among renewable energy sources, solar energy is a huge amount of green 
renewable energy which is inexhaustible and has been widely attracted more and 
more attention. The development and application of solar energy has various forms, 
such as photothermal, photovoltaic, photochemistry, and photobiology utilizations. 
The theoretical efficiencies of solar cells are very high, but there are a variety of 
irreversible losses reducing their practical performances. At present, it is still primary 
issues in the investigation of solar cells to develop various types of solar cells, explore 
main irreversible factors inside solar cells and the key links of maximum energy 
consumption, optimize the internal structure, improve the performance of solar cells, 
and enhance energy conversion efficiency. 
This dissertation is mainly focused on the investigation of the performance 
characteristics of energy selective electron devices and several novel solar cells. The 
effects of various irreversibilities on the performances of systems will be revealed and 
the optimal analyses on main characteristic parameters will be carried out. The new 
optimum theories of these systems will be established. The main research contents 
can be divided into three parts. 
The first part contains chapters 2-4 and is focused on the investigation of the 
performance of the energy selective electron (ESE) tunnel and its application in a 
variety of electronic devices. A new model of the ESE heat engine with variable load 
resistances is established. Based on Landauer transport theory, analytical expressions 
for the power output and efficiency of the system are derived. The effects of the 
structure of ESE tunnels, chemical potential of the electron reservoirs, and load 
resistance on the performance of the system are discussed in detail. Furthermore, a 
thermal electron-tunneling transistor that operates among three electron reservoirs 
connected by energy-filtering tunnels and maintained at three temperatures as well as 
chemical potentials is proposed. Electron flux and thermal flux directions are 
determined under two different conditions. The results obtained show that such a new 
thermal transistor can behave as thermal amplifier or cooler in the absence of 
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electrical power input. Based on two kinds of momentum selection mechanism, the 
performance of hot-carrier solar cells (HCSCs) with quantum well and dot energy 
selective contacts (ESCs) is discussed. Three energy loss mechanisms existing in 
HCSCs are taken into account. The results obtained show that the thermalisation 
losses in ESCs are of the main energy dissipation mechanism of decreasing the 
efficiency of HCSCs and the performance of a HCSC can be more significantly 
improved by using quantum dot ESCs than quantum well ESCs. 
The second part consists of chapters 5 and 6, and the performance characteristics 
of photon-enchanced solar cells are investigated systematically. The comprehensive 
thermodynamic analysis on the model of the photon-enhanced thermionic solar cell 
(PETSC), including the thermal radiation between the cathode and the anode, the heat 
losses from the two electrode plates to the environment, and irreversible losses of heat 
transfer, is carried out. The performance characteristics of the model show that the 
maximum efficiency of the PETSC is clearly larger than that of traditional thermionic 
devices or solar cells. In addition, the performance of a PETSC affected by space 
charge is discussed. It is found by introducing the Langmuir space charge theory that 
that space charge effects become important for the PETSC when the gap width 
between two electrodes is a few microns or more. By combining the theories of the 
PETSC and ESE tunnel, a novel model of photon-enhanced electron-tunneling solar 
cell is proposed. Photon-excited electrons that occupy energy levels beyond 
windowed limits are first imprisoned inside the cathode, then given opportunities to 
rapidly re-thermalize, and eventually allowed to enter the tunnel to the external circuit. 
Numerical analyses show that the optimal choice of both the energy level and width 
of the ESE tunnel can significantly reduce the irreversible losses of electronic 
transmission and electronic recombination losses. 
The third part includes chapters 7-9. The optimal performances of thermoelectric 
generators and corresponding hybrid systems will be investigated. With the help of 
Domenicali’s equation and the heat flux equation, a finite difference method is used to 
determine the temperature and heat flux distribution profiles of a thermoelectric 
generator. This calculative method is also used to evaluate the performance of a 
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thermoelectric generator, based on the experimental data of thermoelectric materials 
PbTe1-yIy and PbTe:Na/Ag2Te. By introducing an inhomogeneously doped 
nanostructure thermoelectric generator with a delta-like electronic density of states 
(DOS), a novel model of the solar thermoelectric generator (STEG) with high 
conversion efficiencies is established. Reversible electron transport is achieved by 
designing quantum-confined electrons in thermoelectric materials. The results 
obtained show that the STEG made of nanostructure materials, permitting the electron 
transport to approach energy-specific equilibrium, has great potential to increase solar 
energy conversion efficiencies. Two types of solar hybrid systems, i.e., 
photon-enhanced solar cell thermoelectric hybrid system and dye-sensitized solar cell 
thermoelectric hybrid device, are proposed. Through the optimum design of main 
parameters, the maximum efficiency of hybrid systems can be obtained and it is 
proved that hybrid systems can effectively enhance the conversion efficiency of solar 
energy. 
The results of this dissertation can not only enrich the theories of new energy 
conversion systems such as the photoelectric and thermoelectric devices but also 
guide the optimal design and best operation of some practical systems. They have 
important significance for the improvement of energy conversion efficiency, 
exploitation of new energy sources, and reduction of environmental pollution. 
 
Keywords: Energy selective electron device; Novel solar cell; Thermoelectric 
generator; Performance characteristic; Optimum design. 
 
 
厦
门
大
学
博
硕
士
论
文
摘
要
库
 
 
VI 
 
 
 
 
目  录 
第一章 引言 ..............................................................................................1 
§1.1 能量选择电子通道的理论 .................................................................1 
§1.1.1 克劳修斯熵与热力学系统的不可逆性......................................................1 
§1.1.2 能量选择电子通道的电子输运理论..........................................................2 
§1.2 光增热离子发射太阳能电池的发展及其研究现状 ...........................6 
§1.3 太阳能驱动温差发电技术的发展及其研究现状 ............................. 12 
§1.4 本论文的研究内容和安排 ............................................................... 13 
参考文献 ................................................................................................. 16 
第二章 能量选择电子热机的性能优化与负载匹配............................27 
§2.1 能量选择电子热机的输运电流 ....................................................... 27 
§2.2 能量选择电子热机的功率和效率 .................................................... 29 
§2.3 性能分析与优化 .............................................................................. 29 
§2.4 本章小结 ......................................................................................... 36 
参考文献 ................................................................................................. 37 
第三章 热电子隧穿三极管 ....................................................................40 
§3.1 热电子隧穿三极管工作原理 ........................................................... 40 
§3.2 性能分析与优化设计 ...................................................................... 45 
§3.2.1 热放大器....................................................................................................45 
§3.2.2 制冷器........................................................................................................47 
§3.3 本章小结 ......................................................................................... 48 
参考文献 ................................................................................................. 49 
厦
门
大
学
博
硕
士
论
文
摘
要
库
 
 
VII 
 
 
 
 
第四章 两种类型的热载流子太阳能电池 ............................................51 
§4.1 热载流子太阳能电池（HCSC）的工作原理 .................................. 51 
§4.2 量子阱与量子点能量选择通道的输运理论 ..................................... 53 
§4.3 热载流子太阳能电池的输出功率与效率 ........................................ 55 
§4.4 性能特性与参数优化分析 ............................................................... 56 
§4.5 本章小结 ......................................................................................... 60 
参考文献 ................................................................................................. 61 
第五章 光增热离子发射太阳能电池 ....................................................64 
§5.1 光增热离子发射太阳能电池的参数优化设计 ................................. 64 
§5.1.1 光增热离子发射太阳能电池模型............................................................64 
§5.1.2 光增热离子发射太阳能电池的效率........................................................68 
§5.1.3 性能分析与优化........................................................................................69 
§5.2 空间电荷效应对光增热离子发射太阳能电池性能的影响 .............. 74 
§5.2.1 阴极发射饱和电子流................................................................................74 
§5.2.2 Langmuir 空间电荷理论...........................................................................74 
§5.2.3 数值计算方法............................................................................................78 
§5.2.4 讨论............................................................................................................80 
§5.3 本章小结 ......................................................................................... 84 
参考文献 ................................................................................................. 85 
第六章 光增电子隧穿太阳能电池 ........................................................89 
§6.1 光增电子隧穿太阳能电池的工作原理 ............................................ 90 
§6.2 性能特性与参数优化分析 ............................................................... 92 
§6.3 非理想情况下的效率 ...................................................................... 95 
§6.4 本章小结 ......................................................................................... 97 
厦
门
大
学
博
硕
士
论
文
摘
要
库
 
 
VIII 
 
 
 
 
参考文献 ................................................................................................. 98 
第七章 应用 PbTe1-yIy和 PbTe:Na/Ag2Te 材料优化设计高效温差发电
系统.........................................................................................................101 
§7.1 温差发电器的主方程与有限差分法 .............................................. 102 
§7.2 温差发电材料的温度特性 ............................................................. 104 
§7.3 性能分析与结构优化设计 ............................................................. 105 
§7.4 与简化计算模型结果的比较 ......................................................... 108 
§7.5 本章小结 ....................................................................................... 111 
参考文献 ............................................................................................... 112 
第八章 基于非均匀掺杂纳米材料的太阳能温差发电系统..............116 
§8.1 太阳能温差发电系统的工作原理 .................................................. 116 
§8.1.1 太阳能集热器的工作原理......................................................................117 
§8.1.2 非均匀掺杂纳米热电材料与温差发电器..............................................118 
§8.1.3 温差发电器的输出功率和效率..............................................................119 
§8.2 性能分析与参数优化设计 ............................................................. 120 
§8.3 本章小结 ....................................................................................... 124 
参考文献 ............................................................................................... 125 
第九章 太阳能电池与温差发电器耦合系统 ......................................128 
§9.1 光增热离子发射太阳能电池与温差发电器耦合系统 .................... 128 
§9.1.1 耦合系统模型..........................................................................................128 
§9.1.2 光增热离子发射太阳能电池的输出功率和效率..................................128 
§9.1.3 温差发电器的输出功率和效率..............................................................129 
§9.1.4 耦合系统的输出功率和效率..................................................................130 
§9.1.5 性能分析与参数优化设计......................................................................134 
厦
门
大
学
博
硕
士
论
文
摘
要
库
 
 
IX 
 
 
 
 
§9.2 染料敏化太阳能电池与温差发电器耦合系统 ............................... 139 
§9.2.1 耦合系统模型..........................................................................................140 
§9.2.2 染料敏化太阳能电池的输出功率和效率..............................................140 
§9.2.3 温差发电器的输出功率和效率..............................................................143 
§9.2.4 耦合系统的输出功率和效率..................................................................143 
§9.2.5 性能分析..................................................................................................145 
§9.2.6 参数优化设计..........................................................................................147 
§9.3 本章小结 ....................................................................................... 149 
参考文献 ............................................................................................... 150 
第十章  总结和展望 ............................................................................157 
§10.1 总结 ............................................................................................. 157 
§10.2 展望 ............................................................................................. 158 
附    录 ................................................................................................160 
致    谢 ................................................................................................163 
 
厦
门
大
学
博
硕
士
论
文
摘
要
库
 
 
X 
 
 
 
 
CONTENTS  
Chapter 1 Introduction.............................................................................1 
§1.1 Theory of the energy selective electron tunnel .................................1 
§1.1.1 Clausius theorem and thermodynamic irreversibility ..................................1 
§1.1.2 Electronic transport theory of the energy selective electron tunnel ...........2  
§1.2 Research status of photon-enhanced thermionic solar cells ..................6 
§1.3 Research status of solar-driven thermoelectric generators ........... 12 
§1.4 Research contents and arrangement of the thesis .......................... 13 
References .............................................................................................. 16 
Chapter 2 Performance optimum analysis and load matching of an 
energy selective electron heat engine ....................................................27 
§2.1 The transport theory of the energy selective electron heat engine 27  
§2.2 The power output and efficiency of the energy selective electron 
heat engine ............................................................................................. 29 
§2.3 Performance analysis and optimazition ......................................... 29  
§2.4 Conclusions..................................................................................... 36  
References .............................................................................................. 37  
Chapter 3 Thermal electron-tunneling transistors..............................40  
§3.1 The working principle of thermal electron-tunneling transistors . 40  
§3.2 Performance analysis and optimum design .................................... 45  
§3.2.1 A thermal amplifier ....................................................................................45 
§3.2.2 A cooler ......................................................................................................47 
§3.3 Conclusions..................................................................................... 48  
厦
门
大
学
博
硕
士
论
文
摘
要
库
 
 
XI 
 
 
 
 
References .............................................................................................. 49  
Chapter 4 Two classes of hot-carrier solar cells...................................51  
§4.1 The working principles of hot-carrier solar cells ........................... 51  
§4.2 The transport theory of energy selective contacts with quantum 
well and dot ........................................................................................ 53  
§4.3 The power output and efficiency of hot carrier solar cells ............ 55  
§4.4 Performance characteristics and parametric optimum analyses ... 56  
§4.5 Conclusions..................................................................................... 60  
References .............................................................................................. 61  
Chapter 5 Photon-enhanced thermionic emission solar cells .............64  
§5.1 Parametric optimum design of a photon-enhanced thermionic 
emisssion solar cell ................................................................................. 64  
§5.1.1 The model of a photon-enhanced thermionic emission solar cell..............64 
§5.1.2 The efficiency of a photon-enhanced thermionic emission solar cell........68 
§5.1.3 Performance analysis and optimazition .....................................................69 
§5.2 Space charge effects on the performance of a photon-enchanced 
thermionic emission solar cell ................................................................ 74  
§5.2.1 The saturation electron current emitted from the cathode .........................74 
§5.2.2 Langmuir space charge theory ...................................................................74 
§5.2.3 Numerical calculation procedure ...............................................................78 
§5.2.4 Discussions ................................................................................................80 
§5.3 Conclusions..................................................................................... 84  
References .............................................................................................. 85  
 Chapter 6 Photon-enhanced electronic-tunneling solar cells ...........89  
厦
门
大
学
博
硕
士
论
文
摘
要
库
 
 
XII 
 
 
 
 
§6.1 The working principle of a photon-enhanced electronic tunneling 
solar cell ................................................................................................. 90  
§6.2 Performance characteristics and parametric optimum analyses ... 92  
§6.3 The efficiency for the non-ideal case .............................................. 95  
§6.4 Conclusions..................................................................................... 97  
References .............................................................................................. 98  
Chapter 7 The optimum design of a high effficient thermoelectric 
generator based on PbTe1-yIy and PbTe: Na/Ag2Te materials...........101  
§7.1 Governing equations for a thermoelectric generator and the finite 
difference method................................................................................. 102  
§7.2 Temperature-dependent characheristics of thermoelectric materials
.............................................................................................................. 104  
§7.3 Performance analysis and structure optimum design .................. 105  
§7.4 Comparison with the results of a simplified model ...................... 108  
§7.5 Conclusions................................................................................... 111  
References ............................................................................................ 112  
Chapter 8 Solar thermoelectric generator with inhomogeneously 
doped nanomaterials.............................................................................116 
§8.1 The working principle of a solar thermoelectric generator ......... 116  
§8.1.1 the working principle of a solar collector ................................................117 
§8.1.2 Nanostructure thermoelectricmaterial with inhomogeneous doping and 
generator .............................................................................................................118 
§8.1.3 The power density and efficiency of a thermoelectric generator.............119 
§8.2 Performance analysis and parametric optimum design ............... 120  
厦
门
大
学
博
硕
士
论
文
摘
要
库
 
 
XIII 
 
 
 
 
§8.3 Conclusions................................................................................... 124  
References ............................................................................................ 125  
Chapter 9 Solar cell and thermoelectric generator hybrid systems 128  
§9.1 A photon-enhanced thermionic emission solar cell-therlectric 
generator hybrid system ...................................................................... 128  
§9.1.1 The model of the hybrid system...............................................................128 
§9.1.2 The power output and efficiency of a photon enhanced thermionic 
emission solar cell...............................................................................................128 
§9.1.3 The power output and efficiency of a thermoelectric generator ..............129 
§9.1.4 The power output and efficiency of the hybrid system............................130 
§9.1.5 Performance analysis and parametric optimum design ...........................134 
§9.2A dye-sensitized solar cell-thermoelectric generator hybrid system
.............................................................................................................. 139  
§9.2.1 The model of the hybrid system...............................................................140 
§9.2.2 The power output and efficiency of a dye-sensitized solar cell ...............140 
§9.2.3 The power output and efficiency of a thermoelectric generator ..............143 
§9.2.4 The power output and efficiency of the hybrid system............................143 
§9.2.5 Performance analysis ...............................................................................145 
§9.2.6 Parametric optimum design .....................................................................147 
§9.3 Conclusions................................................................................... 149  
References ............................................................................................ 150  
Chapter 10 Summary and prospects...................................................157  
§10.1 Summary..................................................................................... 157 
§10.2 Prospects ..................................................................................... 158 
Appendix: List of publications and awards .......................................160 
厦
门
大
学
博
硕
士
论
文
摘
要
库
  
 
Degree papers are in the “Xiamen University Electronic Theses and 
Dissertations Database”.  
Fulltexts are available in the following ways: 
1. If your library is a CALIS member libraries, please log on 
http://etd.calis.edu.cn/ and submit requests online, or consult the interlibrary 
loan department in your library. 
2. For users of non-CALIS member libraries, please mail to etd@xmu.edu.cn 
for delivery details. 
厦
门
大
学
博
硕
士
论
文
摘
要
库
